INTRODUCTION
Photosynthesis by phytoplankton plays an important role in the absorption of CO 2 from the atmosphere, and organic particles produced by phytoplankton effectively transport carbon to the deep-sea floor (e.g., Kawakami and Honda, 2007) . Throughout geologic time, biogeochemical (e.g., export flux, nutrient utilization) and 1983; Martin, 1990; Kohfeld et al., 2005) . However, whether marine productivity was high everywhere during glacial periods, especially during the Last Glacial Maximum (LGM: 26.5-19 cal kyr BP; Clark et al., 2009) , is still controversial (e.g., Loubere et al., 2004) . Resolving this controversy requires more data on temporal changes in past export fluxes of biogenic materials, especially from the eastern South Pacific Ocean, where active biological production is observed at present (Conkright et al., 1994) .
Over the past two decades, many studies have examined paleoceanographic changes and the history of productivity in the Peru-Chile Current system. On a glacialinterglacial time scale, primary productivity in the upwelling ecosystem off northern Chile has varied with the precessional cycle (~20 kyr) and with inputs of iron from the continent, which vary with changes in precipitation (Dezileau et al., 2004) . Paleoproductivity at 33°S off Chile was higher during the LGM than during the Holocene (11.5 cal kyr BP to the present; Mayewski et al., 2004) . The Antarctic Circumpolar Current (ACC) was the main nutrient source during the LGM in this region (Hebbeln et al., 2002) , and the southern westerly winds (SWW) generally carried large amounts of moisture. Therefore, shifts of the SWW increased onshore precipitation, thereby enhancing the nutrient supply to the Chilean coastal region (Mohtadi and Hebbeln, 2004 ). In contrast, productivity was low at 36°S during the LGM (Mohtadi et al., 2008) , which has been explained by the northerly position of the SWW blowing directly onshore thus preventing coastal upwelling and export production off Concepción (Mohtadi et al., 2008) and a reduction of ACC nutrient levels caused by increased nitrate consumption in the subantarctic (Robinson et al., 2005) . In this area, a rise in paleoproductivity at 13-14 cal kyr BP coincided with flooding of the shelf during Meltwater Pulse 1a and a strengthening of coastal upwelling, along with the southward migration of the SWW providing additional nutrients from the underlying Peru-Chile Undercurrent (PCU; Mohtadi et al., 2008) . For southernmost Patagonia, Kilian et al. (2007) inferred a gradual increase of salinity and marine productivity between 14.5 and 13.5 cal kyr BP on the basis of an increase in the content of biogenic components and the first appearance of foraminifera in sediments. These phenomena imply that the deglacial marine transgression began at that time.
Most studies of paleoproductivity reconstructions off Chile, with the exception of one by Dezileau et al. (2004) , have used mass accumulation rates (MAR) to represent changes in the relative contents of specific biogenic components (e.g., Mohtadi and Hebbeln, 2004; Romero et al., 2006) . MAR, however, is not always the best proxy for productivity because of shortcomings in the MAR method: (1) the temporal resolution that can be obtained by this method is limited by the need to use the difference between two measured ages; (2) to calculate MAR, it is necessary to know the dry bulk density of the sediment; and (3) the method does not distinguish between contributions from vertical fluxes and those from lateral fluxes (François, 2007) . Investigations from a different perspective (i.e., using a different proxy) are necessary to determine more accurately the paleo-fluxes of biogenic particles. In contrast, the 230 Th-normalization method corrects for sediment redistribution processes (focusing and winnowing) (Bacon, 1984) . Thorium is highly insoluble in seawater, and 230 Th produced by the decay of dissolved 234 U is promptly removed from the water column by adsorption onto settling particles (Bacon and Anderson, 1982) . The 230 Th-normalization method is based on the assumption that the flux of scavenged 230 Th reaching the seafloor is known and equal to the rate of 230 Th production from the decay of 234 U in the overlying water column. The 230 Th-normalization method greatly improves estimates of the export flux, although problems in resolution caused by bioturbation and preservation remain . Lyle et al. (2005 Lyle et al. ( , 2007 pointed out that one disadvantage of the 230 Th-normalization method is that it overestimates sediment focusing in the equatorial Pacific. In addition, independent information is required to assess horizontal sediment focusing, such as the characteristics of the source material, including the size of the source region, its sediment composition, and the degree of winnowing (Lyle et al., 2007) . There is considerable lateral 230 Th input into the Pacific sector of the Southern Ocean from upwelling at higher latitudes along the ACC polar front , whereas the lateral addition of 230 Th from upwelling in the ACC is probably balanced by an equatorward export, resulting in scavenged 230 Th fluxes similar to the production rate, at least in the region along 170°W in the South Pacific (Chase et al., 2003) . Thus, we believe that the use of this method to estimate the export flux in the South Pacific is justified.
The aim of this study was to examine changes in the 230 Th-normalized export fluxes of biogenic components commonly used as proxies for paleoproductivity-namely total organic carbon (TOC), total nitrogen (TN), calcium carbonate (CaCO 3 ), and biogenic opal (Si OPAL )-as recorded in sediment cores PC-1, from 36°S off the central Chilean coast, and PC-3, collected near the Pacific entrance of the Strait of Magellan (53°S). We compared our paleo-flux data with previously reported accumulation rates corrected for sediment redistribution by 230 Thnormalization in sediment cores from 27°S off northern Chile (Dezileau et al., 2004) . Then, on the basis of this data set, we examined possible mechanisms underlying changes in primary production in the Chilean coastal area. 230 Th-normalized fluxes of biogenic components from Chilean margin 121
STUDY AREA
The PC-1 site is located off the coast of central Chile (36° S; Fig. 1 ), where the strongest upwelling events occur in austral spring-summer and downwelling occurs in winter, when northerly winds prevail. Upwelled waters in this area commonly originate from the nutrient-rich Equatorial Subsurface Water (ESSW) mass, which is transported from north to south along the continental slope by the PCU (Fig. 1) . Upwelling also results in a shallowing of the oxygen minimum zone, a feature linked to the ESSW (Strub et al., 1998) . On a seasonal time scale, subantarctic waters are dominant in the austral winter, when the winds are from the north, whereas in spring, summer, and early autumn, when south and southwesterly winds prevail, the ESSW upwells (e.g., Ahumada et al., 1983) . Primary production around the PC-1 site is 0.02-8 gC m -2 day -1 (Daneri et al., 2000; Montecino et al., 2004; Iriarte et al., 2007) and can reach values of >20 gC m -2 day -1 on the shelf (e.g., Montero et al., 2007) , compared with 0.1-12 gC m -2 day -1 off Peru (Fernández et al., 2009; Messié et al., 2009) . The area off 36° S also receives contributions from two major rivers, the Itata and the Bio-Bio. Precipitation and river discharge reduce the salinity of the upper 20 m of the water column, particularly in winter (Sobarzo et al., 2007) . These rivers also supply nutrients to the study area derived from weathered rocks of the Andes and the Coastal Range (Pineda, 1999) .
The PC-3 site is located near the Pacific entrance of the Strait of Magellan (Fig. 1) , ~5° north of the presentday Subantarctic Front (Orsi et al., 1995) . In southernmost Patagonia, surface oceanography is dominated by the Cape Horn Current (CHC), a coastal branch of the ACC (Strub et al., 1998; Antezana, 1999; Chaigneau and Pizarro, 2005) (Fig. 1) . The CHC flows poleward along the southernmost Chilean continental margin toward the Drake Passage and transports Subantarctic Surface Water (Shaffer et al., 1995; Strub et al., 1998) . In the southern Chilean fjord region, the relatively saltier Pacific waters progressively mix with fresher waters derived from melting glaciers, precipitation, and river runoff to produce a positive estuarine circulation characterized by strong density, temperature, and salinity gradients (Pickard, 1971; Silva and Calvete, 2002; Sievers and Silva, 2008) . However, the exchange between Magellan fjord waters and open Pacific water masses is somewhat restricted because of the shallow sill depth near Cabo Pilar at the western entrance of the Strait of Magellan (30-40 m; Antezana, 1999) . The highest productivity season is from austral spring to early summer (Magazzù et al., 1996; Oyarzrum et al., 1999) with production values of 0.1-1.7 gC m -2 day -1 (Aracena et al., 2011) .
MATERIALS AND METHODS

Sediment cores
Sediment core PC-1 (766 cm long) was collected ~65 km offshore of Concepción, Chile (36°13′ S, 73°41′ W; 1022 m water depth; Fig. 1 ). The sediments are characterized by homogeneous clayey silt/silty clay (Harada et al., 2005) . Sediment core PC-3 (964 cm long) was collected near the Pacific entrance of the Strait of Magellan (52°52′ S, 74°05′ W; 560 m water depth; Fig. 1 ). The sediments consist of calcareous sandy mud containing abundant calcareous fossils, including foraminifera, pteropods, bivalves, echinoids, and bryozoa (Harada et al., 2005) . Both cores were collected during cruise MR03-K04 onboard R/V Mirai. Cores were cut onboard into 1-m sections, which were split in half. Discrete sediment samples were collected at 2.25-cm intervals with a 10-ml syringe. For radiocarbon and oxygen isotope analysis of Mohtadi et al., 2008) and GeoB3375-1 (27°28′ S, 71°15′ W; 1947 m water depth; Dezileau et al., 2004) planktic foraminifera, the coarse fraction (particles >63 µm) was used.
Analysis of total carbon, TOC, total nitrogen, and Si OPAL
For the analysis of biogenic materials, bulk sediment samples were freeze-dried and ground into a homogeneous powder with a mortar and pestle. A dry sediment sample weighing 10 to 20 mg was placed into a tin capsule for measurement of total carbon (TC) and total nitrogen (TN) contents or into a silver capsule for measurement of TOC content (weight percent [wt%] of dry sediment). The samples in silver capsules were decalcified with sconcentrated HCl vapor for 8 h and then neutralized in an atmosphere of granular NaOH in a dry-conditioning desiccator for a few days before analysis. The samples in both tin and silver capsules were analyzed with an elemental analyzer (CHN Analyzer 2400II; Perkin Elmer). The CaCO 3 content was calculated by multiplying the inorganic carbon content (determined by subtracting TOC from TC) by the ratio of the molecular weight of CaCO 3 (100) to the atomic weight of carbon (12), using the following equation (e.g., Hebbeln et al., 2002; Mohtadi and Hebbeln, 2004) : CaCO 3 (%) = (TC -TOC) × (100/12). The analytical errors determined by measuring duplicate samples for TC, TOC, and TN were within 2%, 2%, and 6%, respectively. The Si OPAL content was determined from freeze-dried sediment samples (25-200 mg; collected at 10-cm intervals) after sequential leaching using the method of Mortlock and Froelich (1989) and modified by Müller and Schneider (1993) . A single extraction of silica was performed with an alkaline solution at 85°C for 6 h and the dissolved silicon concentration in the extract was measured by molybdate-blue spectrophotometry at 812 nm. The results are expressed as Si OPAL (%) = 112.4 × (Cs/M), where Cs is the silica concentration in the sample (nM), M is the sample mass (mg), and 112.4 is the molecular weight of Si (28.09) × the extraction volume of NaOH (0.04 L) × 100.
Measurement of radiocarbon in planktic foraminifera
We constructed an age model for core PC-1 by using radiocarbon ( 14 C) dating of planktic foraminifera. Radiocarbon dating requires at least 20 mg of carbonate, but no single planktic foraminiferal species was abundant enough within each 2.25-cm-thick sediment section to provide this amount of carbonate. Therefore, tests (>150 µm fraction) of several species of planktic foraminifera (Globigerina bulloides, Globorotalia inflata, Neogloboquadrina pachyderma sinistral [sin.] and dextral [dex.]) were picked from each discrete sample. All specimens of these four planktic foraminifera from the entire sediment sample were then used for 14 C measurement (Table 1 ). For PC-3, tests of Globigerina bulloides (>150 µm fraction) were used for radiocarbon dating (Table 1).
Planktic foraminiferal shells were reacted with phosphoric acid under vacuum, and the released CO 2 gas was collected in a liquid nitrogen trap and purified by using a mixture of methanol and liquid nitrogen. The purified CO 2 gas was reduced to graphite with H 2 gas in a reaction furnace (670°C, 2 h). The 14 C/ 12 C ratio in each graphite sample was then measured by acceleration mass spectrometry (AMS) (tandem model at the National Institute for Environmental Studies, Japan, or the compact AMS, NEC model 1.5SDH, at Paleo Lab Co., Ltd., Japan). The 14 C ages were calculated from the 14 C/ 12 C ratio using Libby's 14 C half-life model based on AD 1950 (Stuiver and Polach, 1977) , and converted to calendar ages using CalPal-2007 software (Weninger et al., 2009 ). For PC-1, we used the reservoir age of 400 years generally reported for the area off the Chilean margin (Mohtadi et al., 2008) . For PC-3, we used a reservoir age of 680 years, estimated from mollusks collected at Puerto Natales, Chile (51°42′ S, 72°39′ W; Ingram and Southon, 1996) . We could not obtain a 14 C age for the top of either core because of insufficient foraminifera; the youngest 14 C age was determined at 20.9 cm and 21.4 cm core depth of PC-1 and PC-3, respectively.
Oxygen isotope ratio (δ 18 O) analysis
Oxygen isotope ratios in shells of the planktic foraminifer G. bulloides from PC-1 were measured with a MAT 252 mass spectrometer (Thermo Fisher Scientific Inc.). About 10 individual shells were picked from each sample, cleaned in ethanol, and treated with phosphoric acid at a constant temperature of 75°C. The evolved CO 2 gas was used for measurement of the stable oxygen isotope ratio. The isotope ratio data are reported using the standard delta notation in per mil relative to Pee Dee Belemnite (PDB) based on the NBS-19 standard. The oxygen isotope analysis error was within 0.06‰. Oxygen isotope ratios were not measured in PC-3, because insufficient planktic foraminifera after 14 C analysis. 230 Th, 232 Th, 238 U, and 234 U Freeze-dried bulk sediment samples were completely dissolved in a mixture of HNO 3 , HClO 4 , and HF (1:1:1 by volume) in the presence of 232 U (5 disintegrations per minutes: dpm) and 228 Th (5 dpm) as yield tracers. Purification of radionuclides was carried out with an anionexchange resin (AG1-X8; Bio-Rad Laboratories Inc.). Radionuclides were electroplated and counted with an alpha counter (Octéte; Seiko EG&G Co. Ltd.) following previously published methods (Anderson and Fleer, 1982; Narita et al., 2003) . Uncertainties for radionuclides are indicated as counting errors (1σ). The detailed calculations to determine the vertical flux of biogenic components by the 230 Th-normalization method are summarized in Supplementary Materials. For PC-1, the 230 Thnormalized fluxes of TOC, TN, CaCO 3 , and Si OPAL have estimated propagation errors of 9-43%, 11-43%, 11-57%, and 10-43%, respectively. For PC-3, the 230 Thnormalized fluxes of TOC, TN, and Si OPAL have estimated propagation errors of 3-83%, 4-84%, and 4-84%, respectively (see details in Supplementary Materials).
Analysis of
Focusing factor
In this study, we assumed that the flux of scavenged 230 Th ( 230 Th scav ) to the seafloor corresponds to its production rate in the overlying water column and that particles settle through the water column and accumulate on the seafloor without significant redistribution. Under this assumption, the 230 Th scav inventory in the sediment between two different core depths should match the production of 230 Th in the overlying column (P 230 ) integrated over the time of accumulation of the sediments in that depth interval, after correction for radioactive decay. Using this principle, Suman and Bacon (1989) defined a focusing factor (Ψ) that quantifies syndepositional sediment redistribution. Ψ = 1 indicates that sediments are unaffected by syndepositional redistribution; Ψ > 1 indicates lateral addition of 230 Th and associated sediment, resulting in 230 Th accumulation rates higher than the production rate in the overlying water column (i.e., sediment focusing); and Ψ < 1 indicates lateral removal of 230 Th and associated sediment, resulting in 230 Th accumulation rates lower than the production rate (i.e., sediment winnowing). For PC-1 and PC-3, the focusing factors have estimated propagation errors of 6-12%, 3-12%, respectively (see details in Supplementary Materials).
RESULTS
Age model
Six calendar 14 C ages obtained from planktic foraminifera revealed that core PC-1 recorded approximately the past 22 kyr of sedimentation (Table 1 and Fig.  2a ). δ 18 O of G. bulloides ranged from 0.9‰ to 3.7‰ (Supplementary Table S1 and Fig. 2a) . Relatively heavy values prevailed during the LGM, and values became lighter after the start of the deglaciation. Because no G. bulloides shells were found in sediments between 0 and 117.7 cm depth in the core (0-11.5 cal kyr BP), we were unable to determine the δ 18 O values of G. bulloides over this depth range. Therefore, we also show the δ 18 O data for foraminifera from sediment core GeoB7165-1, collected nearby (Mohtadi et al., 2008) . The linear sedimentation rate (LSR) changed drastically with time; relatively high rates during the LGM and early deglaciation (>40 cm kyr -1 ) decreased rapidly during 17-10 cal kyr BP to less than 7.5 cm kyr -1 during the Holocene (Fig. 2a ). The age model for core PC-3, based on eight 14 C ages, showed that this core covered the time interval from approximately 13 cal kyr BP until 2.5 cal kyr BP, thus recording part of the deglaciation (17.5-11.5 cal kyr BP) and most of the Holocene (Table 1) . In this core, the LSR was relatively high (>140 cm kyr -1 ) during the deglaciation and early Holocene, but rapidly decreased to less than 60 cm kyr -1 by 8 cal kyr BP (Fig. 2b) .
TOC, TN, CaCO 3 , and Si OPAL content
The TOC content at the PC-1 site varied between 0.7% and 2.1% (Table S1 and Fig. 3a) . It gradually increased from the LGM until the late deglaciation, and then increased abruptly at around 12-10 cal kyr BP. Except for an abrupt drop at ~9 cal kyr BP, the TOC content gradually increased throughout the Holocene. The TN content ranged from 0.08% to 0.26% over the last 22 kyr (Table  S1 and Fig. 3b) , with a pattern similar to that of TOC. The ratio of organic C to N, which is an indicator of the organic material source (typical C/N ratios: marine primary producers, 5-7, Libes, 1992; terrestrial plants >20, Meyers, 1994 , and references therein), fluctuated slightly between 7.7 and 10 during the LGM and the early deglaciation, and thereafter was stable in the Holocene (8-9; Table S1 and Fig. 3c ). Organic material at the PC-1 site was thus dominantly from marine organisms throughout the past 22 kyr. The Si OPAL content fluctuated between 5.8 and 9.1% during the LGM-deglaciation, whereas values were more stable (Table S1 and Fig. 3d ). The CaCO 3 content was relatively high with large fluctuations throughout the LGM and the deglaciation (mostly between 2 and 5%), but thereafter it gradually decreased, reaching very low values during the Holocene (Table S1 and Fig. 3e ).
Although the water depth at the PC-1 site (1022 m) is much shallower than the CaCO 3 compensation depth (about 4500 m), few or no planktic foraminifera were present in the Holocene sediments. Low carbonate content and the scarcity of foraminifer shells in Holocene sediments seems to be a general feature in this region (Mohtadi and Hebbeln, 2004; Mohtadi et al., 2008) .
At the PC-3 site, TOC varied between 0.4% and 1.6% (Supplementary Table S2 and Fig. 3a) ; it was relatively low from the late deglaciation until the early Holocene (13-8 cal kyr BP), increased abruptly at ca. 8 cal kyr BP, and then continued the increasing trend until the top of the core. The TN content ranged from 0.04% to 0.2% over the last 13 kyr (Table S2 and Fig. 3b ) and increased in a pattern similar to that of TOC. The C/N ratio showed large fluctuations from 7.5 to 22 during 13-8 cal kyr BP (Table  S2 and Fig. 3c) , and thereafter the fluctuations became smaller and the ratio gradually decreased. For this site we assume an important contribution from terrigenous organic material, especially from 13 to 8 cal kyr BP. The Si OPAL content at site PC-3 was much lower than that at site PC-1 and ranged from 1.2% to 2.7% over the last 13 kyr (Table S2 and Fig. 3d ).
Th-normalized fluxes of TOC, CaCO 3 , and Si OPAL
The overall range of 230 Th-normalized fluxes of TOC at the PC-1 site was 10 to 49 mg cm -2 kyr -1 (Table 2 and Fig. 4a ). Values were low during 22-14 cal kyr BP and 8-5 cal kyr BP and highest (>40 mg cm -2 kyr -1 ) at 13-10 cal kyr BP and in the past 3,000 years. The 230 Th- 18 O data derived from nearby sediment core GeoB7165-1 (gray line; data from Mohtadi et al., 2008 (Table 2 and Fig. 4c) .
In contrast to the PC-1 patterns, the 230 Th-normalized fluxes of TOC at the PC-3 site ranged from 5.1 to 159 mg cm -2 kyr -1 (Table 2 and Fig. 4a ) with relatively low values during 13-6 cal kyr BP, and increasing rapidly at ~5 cal kyr BP toward the top of the core. The 230 Thnormalized fluxes of Si OPAL ranged from 8.1 to 184 mg cm -2 kyr -1 (Table 2 and Fig. 4c ). Relatively high values (>100 mg cm -2 kyr -1 ) were observed between 13 and 11 cal kyr BP, at 9-8 cal kyr BP, and in sediments younger than 5 cal kyr BP. At all times, Si OPAL fluxes at the PC-3 site were no more than one-third of those at the PC-1 site, except at around 5 cal kyr BP. Harada et al. (2012) showed that the 230 Th-normalized method is valid for the estimation of the biological fluxes in these sediment core because the estimation of the biological fluxes were comparable with those derived from MAR method.
Focusing factor
A focusing factor was calculated using the activity of scavenged 230 Th and the initial activity of the scavenged 230 Th (Table 2) . At the PC-1 site, the focusing factor varied from 3.2 to 29; it was fairly high during the LGM and then it decreased toward the Holocene (Fig. 4d) . At the PC-3 site, the focusing factor varied between 5.9 and 67; it was high during 13-9 cal kyr BP, it dropped at 8-6 cal kyr BP, and then it again became high during 5-3 cal kyr BP (Fig. 4d) . Values >1 throughout the past 22 kyr at the PC-1 site and the past 13 kyr at the PC-3 site suggest that the Chilean coastal region is a sediment focusing region. Overall changes in the focusing factor at both sites were similar to the changes in the LSRs (Fig. 2) , suggesting that sediment focusing was intensified during the LGM and the last deglaciation.
DISCUSSION
Changes in productivity off central-south Chile and southernmost Patagonia
The 230 Th-normalized fluxes of TOC that we observed at the PC-1 site during the LGM (low values, ~30 mg cm -2 kyr -1 ) are consistent with the paleoproductivity pattern reported by Mohtadi et al. (2008) for the nearby core site GeoB7165-1 but differ from the estimated MARs of TOC and Si OPAL at ODP sites 1234 and 1235 off Concepción (at 1015 m and 489 m water depth, respectively). At the ODP sites, the TOC and Si OPAL MARs were higher during the glacial and deglacial periods (30-15 cal kyr BP) than at any other time over the past 30 kyr (Muratli et al., 2010) . Higher paleoproductivity during the LGM based on the MARs of biogenic components has been reported previously off the Chilean coast at 33°S and 35°S (Lamy et al., 1999; Hebbeln et al., 2002; Mohtadi and Hebbeln, 2004; Romero et al., 2006) , whereas north of 33°S, productivity was higher prior to the LGM and during the postglacial than during other periods (Mohtadi and Hebbeln, 2004) . As indicated by our focusing factor at the PC-1 site, sediment focusing was stronger during the LGM than during the deglaciation or the Holocene (Fig. 4d) . This result suggests that the high TOC and Si OPAL MARs at ODP sites 1234 and 1235 off Concepción during the LGM might have been caused by high LSR rather than productivity. Although the record of core GeoB7165-1, near the PC-1 site, includes no information on sediments younger than 6 cal kyr BP (Mohtadi et al., 2008) , in that core some paleoproductivity proxies show decreases at ~6-8 cal kyr BP. In addition, foraminiferal records from ~33°S off Valparaiso suggest reduced upwelling and low productivity between 10 and 3 cal kyr BP (Marchant et al., 1999) . To the best of our knowledge, the only other study off Chile using 230 Th-normalized values of TOC, CaCO 3 , biogenic opal, and iron is the one by Dezileau et al. (2004) . They found that at GeoB3375-1 (27°S), in the upwelling area off northern Chile, productivity was higher during the LGM than during the deglaciation (Fig. 4) . From the LGM to 14 cal kyr BP, 230 Th-normalized fluxes of TOC at the PC-1 site were similar or slightly lower than those at the GeoB3375-1 site, whereas from 14 to 10 cal kyr BP they were much higher, not only at the PC-1 site but also at the PC-3 site (Fig. 4a) . On the other hand, 230 Th-normalized fluxes of CaCO 3 were consistently one order of magnitude higher in GeoB3375-1 than in PC-1; at both sites the highest values occurred during the LGM, and then the fluxes gradually decreased toward the Holocene. When comparing 230 Th-normalized fluxes of Si OPAL , site GeoB3375-1 showed higher values during the LGM than during other periods; however, fluxes throughout the record were always lower than those recorded at the PC-1 and PC-3 sites. In fact, fluxes at the PC-1 site were both highest and very variable and a clear trend could not be discerned.
If we assume that 230 Th-normalized accumulation rates represent the flux of material from the water column directly above each coring site (e.g., François et al., 2004) , then the temporal and spatial changes in the paleo-export fluxes of biogenic components at 27°S, 36°S and 52°S off the Chilean coast imply that the biological pump was (i) effective during the LGM off northern Chile, during 14-8 cal kyr BP off central Chile, and after 5 cal kyr BP off central and southernmost Chile; and (ii) not fully ef- fective during 22-14 cal kyr BP off central Chile and during 13-6 cal kyr BP off southernmost Patagonia (Fig.  4) .
SWW-a potential controlling factor of productivity
The PC-1 and PC-3 sites are located close to the northern edge and within the core of the SWW belt, respectively, which strongly affects the wind stress and precipitation along the Chilean coast. Marine and terrestrial records from oceanic and continental Chile (e.g., Heusser, 1990; Lamy et al., 2000; Mohtadi and Hebbeln, 2004) suggest that the moisture-bearing SWW shifted equatorward ~5° of latitude during the glacial period. Higher productivity during the LGM at 33°-35°S has been attributed previously to the equatorward migration of the SWW and a concomitant northward shift of the climate zones, resulting in equatorward displacement of the ACC, which is enriched in major nutrients (Hebbeln et al., , 2002 Romero et al., 2006) . Moreover, the northward shift of the SWW during the LGM would have enhanced precipitation at 27°S and 33°S, increasing the discharge of rivers, which would have transported substantial amounts of iron-rich terrigenous materials from the continent to the ocean, thus promoting high biological productivity in that region (Dezileau et al., 2004; Mohtadi and Hebbeln, 2004) . The northward shift of the SWW during the LGM, in contrast, led to heavy increases in precipitation in the area off Concepción (36°S), thus suppressing upwelling and strengthening stratification. Low productivity during the LGM in the area off Concepción (36°S) has been attributed to nutrient deficiency due to the suppression of upwelling; an active upwelling system promoting high productivity did not develop at this latitude until the late deglaciation, after the sea-level highstand associated with Meltwater Pulse 1a was reached and the SWW had migrated back southward (Mohtadi et al., 2008) . The 230 Thnormalized TOC fluxes during the LGM and the early deglaciation at the PC-1 site are thus consistent with the results reported by Mohtadi et al. (2008) .
Modeling studies of the SWW during the LGM, on the other hand, suggest a general decrease in surface wind speeds in the Southern Ocean and sub-Antarctic sectors, rather than a real shift in the westerly circulation (Rojas et al., 2009 ). The models analyzed by Rojas et al. (2009) also show changes in precipitation patterns indicating a general decrease south of 40°S during the LGM. These regional heterogeneities (drier south of 40°S, but wetter in NW Patagonia) imply a zonally asymmetric Southern Hemisphere. The postglacial evolution of the SWW belt was addressed by Lamy et al. (2010) . Based on a comparison of records from southernmost Chile in the present SWW core zone (50°-55°S) with records from the northern margin of the SWW in central Chile, their results revealed a distinct latitudinal anti-phasing of wind changes on multi-millennial time-scales: reduced early Holocene SWW at their northern margin and enhanced SWW at the core, whereas the opposite pattern is observed in the late Holocene.
From 13 to ca. 8 cal kyr BP at the PC-3 site, the C/N ratio was higher (~21; Fig. 3 ) than in the late Holocene, and Harada et al. (2013) reported relatively light (from -24‰ at 12 cal kyr BP to -22‰ at 8 cal kyr BP) δ 13 C TOC values during the same period, suggesting that C3 land plants (δ 13 C C3 plants , -29‰ to -25‰; Libes, 1992) contributed significantly to the TOC content. Furthermore, the LSRs (60-180 cm kyr -1 , Fig. 2b ) and focusing factors (>50) were much higher during 13-9 cal kyr BP than later in the record. These results suggest that enhanced precipitation (associated with intensified SWW) strengthened ocean stratification during the late deglaciation and the early Holocene, reducing the effectiveness of the biological pump (low 230 Th-normalized fluxes of TOC) and leading to a relatively higher contribution of terrestrial compounds. In contrast, and as stated above, 230 Thnormalized fluxes of TOC at the PC-1 site off central Chile were low during the LGM and high during 14-8 cal kyr BP. For these periods, therefore, the two sites exhibit opposite trends. After ca. 5 cal kyr BP, the 230 Thnormalized TOC fluxes increased at both sites simultaneously and remained high thereafter.
In summary, our results point to (i) suppressed upwelling leading to strengthened ocean stratification and low productivity off central Chile (PC-1) due to intensified onshore SWW and associated increased precipitation during 22-14 cal kyr BP (as suggested by Mohtadi et al., 2008) ; (ii) high productivity off central Chile during 13 to ca. 8 cal kyr BP due to a more southerly position of the SWW core (conditions similar to those of the modern austral summer; Lamy et al., 2010) and the onset of an active upwelling system (Mohtadi et al., 2008) ; (iii) wetter conditions over southernmost Chile associated with intensified SWW (Lamy et al., 2010) leading to water column stratification and thus reducing productivity in southernmost Chile (PC-3 site) during 13-6 cal kyr BP; and (iv) a simultaneous increase in fluxes after ca. 5 cal kyr BP at the two sites, implying that the strength and position of the SWW had settled within the modern seasonal range and that the ACC supplied substantial amounts of nutrients to the ocean off central and southern Chile.
ENSO-another potential controlling factor of productivity
At present, El Niño events reduce primary productivity in the upwelling area off Chile because warmer oligotrophic waters intrude near the coast, and heavy rain and enhanced river runoff (Lima et al., 1999) prevent the upwelling of cold, nutrient-rich waters (Iriarte et al., 2000; Iriarte and González, 2004) . Previous studies of El Niño activity reconstructed from data for temperature and nutrients in the mixed layer and thermocline and from records of episodes of flooding in the eastern equatorial Pacific (EEP)-Peru upwelling region (Liu et al., 2000; Loubere et al., 2003; Rein et al., 2005; Chazen et al., 2009 ) and the western equatorial Pacific (Stott et al., 2004) generally reported (i) strong La Niña conditions during the LGM and the early and middle Holocene, and (ii) strong El Niño conditions through the deglaciation and late Holocene (~5.0 cal kyr BP) (Fig. 4) . We compared the changes in the 230 Th-normalized biogenic components over the past 22 kyr with the findings of previous studies of El Niño activity and did not find any obvious link between variations in El Niño activity and biogenic component fluxes at the PC-1 site. In the northern Chile upwelling area, the supply of iron is an important factor controlling primary productivity (Torres and Ampuero, 2009 ), but the vertical variation in iron fluxes over the past 100 kyr is not in phase with Niño 3 ENSO model predictions (Dezileau et al., 2004) . This result implies that the glacial to interglacial changes of primary productivity are not consistent with changes in ENSO intensity off Chile. ENSO affects thermocline conditions in the EEP (e.g., Makou et al., 2010) ; El Niño and La Niña promote warmer and colder thermoclines, respectively, in the EEP, and a warmer equatorial thermocline produces a deeper mixed layer, which reduces the efficiency of equatorial upwelling of cold water. This in turn weakens the coupling between the tropical ocean and the atmosphere and reduces the amplitude of ENSO (Liu et al., 2000) . Thus, ENSO phases might be diminished if the mean equatorial thermocline is modified by the enhancement of other effects, such as seasonal forcing due to increased summer insolation either in the Northern Hemisphere generally (Liu et al., 2000) or locally (Loubere et al., 2003) .
CONCLUSIONS
We investigated changes in paleoproductivity by examining 230 Th-normalized fluxes of the biogenic components TOC, TN, CaCO 3 , and Si OPAL in sediment cores PC-1 (covering the past 22 kyr) and PC-3 (covering the past 13 kyr) collected off the coast of central Chile and near the Pacific entrance of the Strait of Magellan, respectively. We summarize our results and possible climate mechanisms explaining them as follows:
(1) 230 Th-normalized fluxes of TOC at the PC-1 site were relatively low during the LGM and until ~14 cal kyr BP. A substantial increase in TOC fluxes occurred at 13 cal kyr BP, and fluxes remained relatively high through the late Holocene except for a drop in the middle Holocene (from 8 to 5 cal kyr BP). Thus, we agree with Mohtadi et al. (2008) statement of the development of an active upwelling system promoting high productivity starting in the late deglaciation. At the PC-3 site, the 230 Thnormalized fluxes of TOC were relatively low from 13 to 6 cal kyr BP and increased thereafter. It seems likely that nutrients transported to the site by Pacific waters and a weakening of freshwater supply promoted enhancement of productivity after 6 cal kyr BP.
(2) The temporal-spatial changes in the paleo-export fluxes of biogenic components at 27°S, 36°S and 52°S off the Chilean coast imply that the biological pump was (i) effective during the LGM off northern Chile, during 15-8 cal kyr BP off central Chile, and after 5 cal kyr BP off central and southernmost Chile; and (ii) not fully effective during 22-15 cal kyr BP off central Chile and during 13-6 cal kyr BP off southernmost Patagonia.
(3) Glacial to interglacial changes of 230 Thnormalized biogenic components were controlled by the upwelling intensity at the PC-1 site and by the amount of nutrients supplied by Pacific water inflow at the PC-3 site. Fluxes were relatively high at the PC-1 site but low at the PC-3 site from 13 to 6 cal kyr BP. After 5 cal kyr BP, fluxes increased at both sites simultaneously. The temporal changes in biogenic component fluxes at the two sites are likely attributable to changes in the latitudinal displacement and/or changes in the intensity of the SWW during 13-6 cal kyr BP.
(4) ENSO variability apparently contributed much less to these millennial changes in productivity than SWW variability.
